Plants have the capacity to alter their phenotype in response to environmental factors, such as herbivory, a phenomenon called phenotypic plasticity. However, little is known on how plant responses to herbivory are modulated by environmental variation along ecological gradients. To investigate this question, we used bilberry 
| INTRODUC TI ON
Over the next century, climate change is projected to considerably alter soil and air temperatures in seasonally snow-covered temperate forest ecosystems, where high-latitude tundra and boreal forests are particularly at risk (IPCC, 2018; Serreze et al., 2000) . Such environmental changes can have direct and indirect implications for natural ecosystem functioning (Post et al., 2009 ). For instance, if an increase in temperature dramatically weakens the plant immune system, it could lead to the spread of plant diseases and elevated insect herbivory rates (Cheng et al., 2013; Velásquez, Castroverde, & He, 2018) . Also, less snow in high-latitude ecosystems would result in more mammalian browsing intensity (Danell, Bergstrom, & Iedenius, 1994) . Alternatively, plants may adapt to these effects of rising temperatures by investing in effective defense strategies (Bidart-Bouzat & Imeh-Nathaniel, 2008) . The trade-offs between such opposing responses and their impacts on plant communities and ecosystem functioning remain poorly understood. In this study, we attempt to address this issue by combining molecular and ecological work across an elevational gradient, and incorporate a methyl jasmonate (MeJA; a ubiquitous defense hormone in plants released in response to stress)-induced treatment to investigate changes in plant defense responses in the boreal system. Elevational gradients are "natural experiments" that serve as surrogates for inferring global change-driven effects (Garibaldi, Kitzberger, & Chaneton, 2011; Körner, 2007; Rasmann, Alvarez, & Pellissier, 2014) , because they provide gradual changes in biotic and abiotic conditions along biogeographically tractable scales (Pratt & Mooney, 2013; Rasmann, Alvarez, et al., 2014; Schemske, Mittelbach, Cornell, Sobel, & Roy, 2009 ). However, our understanding of plantherbivore interactions is further complicated by the variable defense strategies of some species along elevational gradients, and differential responses to disturbance at the molecular and ecological levels (Moreira, Petry, Mooney, Rasmann, & Abdala-Roberts, 2018) . These challenges can be addressed by studies that combine molecular analysis with ecological studies of induced defenses under natural conditions. Such studies can help us to better understand how abiotic conditions affect plant-herbivore interactions by exploring molecular mechanisms that underpin documented ecological responses.
For instance, to cope with environmental variability, plants have evolved the capacity to sense changes in abiotic and biotic factors, quickly reprogram at the molecular level, and adapt through shifts in phenotypic traits (phenotypic plasticity) (Chen, Burke, Velten, & Xin, 2006; Li et al., 2008; Rodríguez, Maiale, Menéndez, & Ruiz, 2009; Winning et al., 2009) . Adaptive strategies to biotic and abiotic stress are coordinated by cellular and molecular activities aiming to minimize damage and, at the same time, conserve valuable resources for growth and reproduction (Ahuja, Vos, Bones, & Hall, 2010) .
Recently, the use of "omic" approaches has been effective in identifying molecular changes at transcript, protein, and metabolite levels that confer resistance or are regulated in response to environmental stressors (Bokhari, Wan, Yi-Wei Yang, Zhou, & Liu, 2007; Springer, Orozco, Kelly, & Ward, 2008; Zeller et al., 2009; Zobayed, Afreen, & Kozai, 2005) . Variation in gene expression, and consequently synthesis of its functional products (i.e., proteins and metabolites), is known to play a role in the evolutionary processes of natural populations in response to environmental adaptation (Oleksiak, Churchill, & Crawford, 2002; Schadt et al., 2003) . Whether these effects of adaptive plasticity, alone or in combination, can affect ecosystem functioning depends on how such molecular and phenotypical changes influence trophic interactions (Hegland, Nielsen, Lázaro, Bjerknes, & Totland, 2009 ).
Bilberry (Vaccinium myrtillus L.) is a long-lived dwarf shrub that provides an excellent model organism for combined molecular and ecological study. The plant is considered as a key food source for herbivores, pollinators, and fruit eating birds and mammals in northern European boreal forest ecosystems (Hegland et al., 2009; Hjältén, Danell, & Ericson, 2004; Jacquemart, 1993; Selas, 2001) , and has been found to be sensitive to environmental changes. In previous studies, we showed that defenses induced by herbivore feeding or treatment with MeJA reduce herbivory and increase reproduction of the damaged or treated plants (Benevenuto et al., 2018; Hegland, Seldal, Lilleeng, & Rydgren, 2016; Seldal, Hegland, Rydgren, Rodriguez-Saona, & Töpper, 2017) . These studies provide evidence of potential trade-offs between growth and defense in bilberry plants when coping with herbivore attack. Additionally, MeJA-induced bilberry plants were shown to exhibit multiannual effects on herbivore resistance (Benevenuto et al., 2018) . However, it is still unclear whether such trade-offs between defense strategies (i.e., constitutive or induced) and growth and reproduction are modulated by changes in environmental conditions.
Using wild bilberry as a model organism and MeJA application to simulate the effects of herbivory, we investigated the effects of the treatment on plant defense responses, in terms of gene expression and ecological traits, across an elevational gradient and over two consecutive years. The gradient used in this study included optimal growing conditions for bilberry at a "medium" elevation (ca. 500 m a.s.l.), and the plant's range limits in this region at high (ca. 900 m a.s.l.) and low (ca. 100 m a.s.l.) elevations. We expected MeJA-treated plants to allocate resources from growth and reproduction to defenses at the molecular (i.e., upregulation of defense genes and downregulation of genes related to photosynthesis/nitrogen metabolism) and ecological levels (i.e., reduction of growth, reproduction, and consequently herbivory). As induced defenses are presumed to be energetically costly (Benevenuto et al., 2018; Karban, Yang, & Edwards, 2014; Nabity, Zavala, & DeLucia, 2013; Rodriguez-Saona, Polashock, & Malo, 2013; Seldal et al., 2017) and decline with increasing elevation Pellissier et al., 2016) , we predicted that this effect would be most pronounced at the lowest elevation (Prediction I). According to the "optimal defense theory" hypothesis, plants at lower elevations should invest more on defenses due to high risk of herbivory (Rhoades, 1979) . Alternatively, as bilberry is a slow-growing species adapted to limiting abiotic conditions (Flower-Ellis, 1971 ), its defense system should be affected by environmental changes (Bidart-Bouzat & ImehNathaniel, 2008; DeLucia, Nabity, Zavala, & Berenbaum, 2012; Veteli, Kuokkanen, Julkunen-Tiito, Kuokkanen, Julkunen-Tiito, Roininen, & Tahvanainen, 2002) . Based on the "resource availability hypothesis," plants should constantly invest in defenses when growing under low resource availability (Coley, Bryant, Stuart, & Chapin, 1985) . If the resource availability hypothesis is true, we expect plants from the high elevation to be under constant state of "alert," which could lead to high investment in constitutive defenses (Moreira et al., 2014; Pellissier et al., 2016) , resulting in consistently reduced seasonal growth and reproduction and decreased herbivory rates, as well as higher basal expression levels of defense genes compared to plants at the optimum and low elevations (Prediction II).
| MATERIAL S AND ME THODS

| Study system
The study was conducted within a pine bilberry forest ecosystem in Kaupanger, inner Sognefjord, western Norway (61.2°N, 007.2°E), between May/June and August/September of 2016 and 2017. The area has annual precipitation of 700-900 mm and a mean summer temperature range of 12-16°C (Moen, 1999) . The inner part of Sognefjord offers marked topographical variation, representing elevational gradients of 0-2,400 m above sea level (m a.s.l.) over horizontal distances of about 2 km, which makes it a practical and convenient location for gra- Bilberry, our study species, is a long-lived deciduous clonal dwarf shrub, with evergreen stems generally 10-60 cm high (Flower-Ellis, 1971; Ritchie, 1956 ). Although we do not have specific information regarding clone size and distribution for the study area, we have based our work on the assumption that rhizomes can reach around 200 cm in length, depending on age (Flower-Ellis, 1971) , and the proportion of genetic variation within population is high (Albert, Raspé, & Jacquemart, 2003 . Bilberry is considered a key species in the boreal ecosystem because of its ecological role as food source for many vertebrate and invertebrate herbivores (Hegland, Jongejans, & Rydgren, 2010) . The main mammalian herbivores feeding on the plant in the study area are red deer and various rodent species (Hegland et al., 2016) , whereas the most common insect herbivores are larvae in the family Geometridae (Atlegrim, 1989) .
Bumblebees, honeybees, and syrphid flies are the main pollinators of bilberry (Jacquemart, 1993; Jacquemart & Thompson, 1996) .
| Study design
A natural elevational gradient ranging from just above sea level to the tree line was used to investigate the effects of variation in environmental conditions, such as temperature and timing of snow melt, on plant defense responses at the molecular and ecological levels. (between 10-25 cm height) at least 10 m apart were randomly selected (N = 120 plants), and each was exposed to one of two different treatments following the same methodology as previous studies (Benevenuto et al., 2018; Seldal et al., 2017) (Baldwin, 1999; Benevenuto et al., 2018; Hegland et al., 2016; Van Dam & Baldwin, 2001; Yang, Huihui, Xie, & Rantala, 2013) . To achieve the desired concentration of MeJA, 4.1 M MeJA stock (Bedoukian Research, Danbury, CT) was diluted 1:10 with 95% F I G U R E 1 Average timing of snow melt, temperature, and relative humidity across the elevational gradient. Snow-free = Julian day number (JDN) for complete snow melt; T = air temperature; and RH = relative air humidity (v/v) ethanol and rediluted with water to get a final concentration of 10 mM MeJA (Seldal et al., 2017 
| Sampling procedure
For the ecological analyses, the sampling procedure followed a similar methodology as in a previous ecological study (Benevenuto et al., 2018) . 
| Gene expression analysis
Collected samples were randomly separated into three biological groups, for each elevational site (Low; Medium; and High) and year (2016 and 2017) of study. Each biological group was composed by a pool of five different plants, a total of 15 plants/site/year. Total RNA from each group was extracted using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's directions. The total RNA was eluted in 100 µl sterile dH 2 O and quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Products; Wilmington, DE, USA).
The cDNA was synthesized using 100 ng of total RNA per reaction and the Superscript VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.
A list of target genes for real-time PCR and the primers used in the analysis are provided in Table S1 . The selection of these eight genes involved in defense and growth-related pathways was based on our previous RNA-seq study of MeJA-treated wild bilberry plants (Benevenuto et al., 2019) . Several genes were tested to be used for normalization, based on those commonly used in publications and our own transcriptome data (i.e., those not differentially expressed). These were β-tubulin (TUB), metallothionein (MET), an F-box gene (Fbox), ubiquitin-conjugating enzyme E2 28 (Ubc28), and glyceraldehyde-3-phosphate dehydrogenase (GAP). The software package NormFinder was used to select the two most stable genes (FBOX and GAP) across our samples that were used for normalization. Ubc28 was also found to be stable and was used as the interplate calibrator. The gene sequences used for primer design were selected from the RNA-seq de novo assembly of the bilberry transcriptome (Benevenuto et al., 2019) (Table S2 ).
| Data analyses
Differences and means within each target gene were analyzed by
Tukey post hoc comparisons (p < .05).
| RE SULTS
| Ecological responses
Total insect herbivory at the Low site (0.18 ± 0.03 [SE] proportion of chewed leaves) was 60% higher than at the High site (0.11 ± 0.01) but not significantly different from the Medium site (0.15 ± 0.02) (Figure 3a) . Mammalian herbivory was 40% greater at the Low (0.39 ± 0.03 proportion of browsed shoots) and Medium (0.39 ± 0.02) sites than the High site (0.27 ± 0.03) (Figure 3b) . Plant F I G U R E 2 A bilberry ramet including size recordings, and timeline for the induction and response period when the measurements were recorded. ds: days size was ~ 50% larger in Low-elevation (0.74 ± 0.14 dry mass log 2 )
and Medium-elevation (0.78 ± 0.04) than at the High-elevation sites (Table S2 ). In the year of treatment (2016) 
| Gene expression
Considering single-factor effects (without interaction), all defenserelated genes tested in our study were upregulated in response to the MeJA treatment, while photosynthesis-and nitrogen metabolism-related genes were downregulated (Table S3 ; treatment effect).
The single effect for "site" occurred because all bilberry plants located at the High site had significantly higher levels of expression for FLAV, LHY, SHIKIMATE, and LDOX than plants from the Low site (Table S3 ; site effect). Regarding "Year" as a factor, all target genes tested were more highly expressed in the year of treatment (2016) than a year later (2017) ( 
| D ISCUSS I ON
The plant defense system in bilberry varied over an elevational gradient. Induced defenses were strongly activated for plants growing at the optimum (Medium site) and suboptimal lower elevation (Low site), suggesting that these plants have more resources available to invest in defense against herbivore attack, compared with highelevation plants growing under colder and resource-limiting conditions. The MeJA activation of induced defenses was strongest at the Low site, and this was supported by the molecular mechanisms found: Low-elevation plants effectively reduced seasonal growth, fruit set, and herbivory rates, while significantly downregulated growth-related genes and upregulated defense-related genes in response to MeJA treatment. These combined responses strongly suggest resource allocation from growth and reproduction to induced defenses (trade-off at ecological and molecular levels), especially for plants growing at the warmest low-elevation site (Prediction I).
Moreover, we showed that these effects persisted for at least one year after treatment. On the other hand, bilberry plants growing at the suboptimal and coldest upper elevation (High site) invested more in constitutive than induced defenses, indicating that they are under constant "alert." This was supported by the small effect sizes of changes in growth, fruit set, and herbivory resistance, and the consistently high expression levels of defense-related genes in both
MeJA-treated and untreated plants at high elevation (Prediction II).
| Herbivory and defense
Ecological responses related to defense showed that, in the year of treatment (2016) (Moreira et al., 2014 Pellissier et al., 2016) , and partially supports the optimal defense hypothesis such that allocation of resources to inducible defenses, but not to constitutive defenses, in bilberry seems to depend on the greater risk of herbivory at lower elevations. This suggests that herbivory at lower elevations might not be predictable.
We found molecular responses at gene expression level that Changes in expression of LHY-related transcription factors cause arrhythmicity in the expression of other clock-regulated genes, which can alter leaf movement and flowering aiming to avoid insect herbivory of flower tissues (Alabadı, Yanovsky, Más, Harmer, & Kay, 2002; Green & Tobin, 1999; Mizoguchi et al., 2002) .
Our results indicate that bilberry plants rapidly invest in the synthesis of these metabolites, in response to herbivory (as simulated by MeJA induction), especially at the optimal medium and warmer low-elevation site. Although significant effects of defense induction at gene level were found along all elevational gradients, as shown in the ecological results, plants growing at the low and medium elevations showed stronger upregulation of defense genes (higher log2FC; 
| Growth and reproduction
Ecological results related to growth and reproduction showed that, in the year of treatment (2016) Note: Changes in proportion of insect chewed leaves (no. of chewed leaves/total number of leaves); proportion of deer browsed shoots (no. of browsed shoots/total number of shoots), and growth (dry mass) were calculated as difference between value at the end of the season (Aug-Sep) minus value at the beginning of the season (May-June) each year. Reproduction (fruit set) was calculated as the proportion between total number of berries/total number of flowers in each year. Effect sizes represent the mean difference (with standard error) between control and MeJA seasonal effect for each response variable within each site and year. "NS" indicates no significant difference (ANOVA p < .05) in effect size for the specific comparison within each site and year. For significant effect sizes, different letters represent mean separation between elevational sites within each year (Tukey p < .05). (Benevenuto et al., 2019; Bilgin et al., 2010) . Previous studies have shown that high temperature can directly affect the synthesis of secondary metabolites involved in defense (Estiarte et al., 1999; Gouinguené & Turlings, 2002; Guo et al., 2012; Mosolov & Valueva, 2011; Sun et al., 2011; Veteli et al., 2002) . Indeed, our findings suggest that: when induced under variable environmental conditions, bilberry plants in the boreal system appear to invest in the upregulation of defense-related pathways (i.e., synthesis of secondary metabolites), while downregulating growth-related genes, and consequently reducing seasonal growth and reproduction to increase herbivory resistance. However, although still significant in low-elevation F I G U R E 6 Relative expression levels of six (a-f) defense-related target genes in bilberry plants (Vaccinium myrtillus L.) in response to MeJA treatment and elevational gradient (Low, Medium, and High) for two consecutive years (2016 and 2017) . The log of relative expression shown is the mean for each treatment in each elevational site and in each year; error bars represent confidence interval at 95%. Full names of target genes are presented in Table S1 plants, these effects seem to be relaxed one year after induction.
F I G U R E 4
Induced defense responses can persist from hours and days to years, depending on the plant species, previous herbivory pressure, and life history of the plant (Haukioja, Suomela, & Neuvonen, 1985; Karban & Baldwin, 1997) . Besides, as abiotic factors can profoundly influence plant development through changes in metabolic rates (O'Connor, 2009) , and phenotypic plasticity is a developmental phenomenon, spatial or temporal variation in temperature can also affect the speed, magnitude, and costs (allocation of resources from growth/reproduction to defense) associated with induced defenses (Trussell, David, & Smith, 2000) . Our results suggest that bilberry plants are more responsive to induced defenses in the suboptimal lower elevation, where the average temperature is higher and the timing of snow melt is earlier, by allocating resources from growth and reproduction to effective herbivory defense for at least one year after induction. This result corroborates with our previous ecological study showing that the induced defense system in low-land bilberry plants functions in a multiannual manner (Benevenuto et al., 2018) .
As predicted by the resource availability hypothesis, high-elevation bilberry plants invested more in constitutive than induced defenses. Small effect sizes for some of the ecological response variables tested (i.e., insect herbivory and fruit set) indicate that high-elevation plants may invest limited resources to defense at all times.
At the molecular level, all bilberry plants (MeJA-treated and control) growing at the high-elevation showed high basal levels of expression for most defense genes tested (i.e., FLAV, LHY, SHIKIMATE, and LDOX). Furthermore, we observed that general herbivory pressure was less intense (i.e., lower total proportion of chewed leaves) at the high-elevation than the low-elevation site of the elevational gradient, consistent with recent studies (Pellissier et al., 2012; Rasmann, Pellissier, Defossez, Jactel, & Kunstler, 2014) . This suggests that bilberry plants growing in suboptimal upper elevations are under a constant state of "alert" (constitutive defenses), possibly because of the resource-limiting and stressful environmental conditions (i.e., low nutrients, cool average temperatures, late timing of snow melt, and consequent short-growing season); as well as lower herbivory pressure in subalpine habitats of the boreal system , contrary to optimal defense theory assumptions (Rhoades, 1979) .
The combination of these environmental conditions, biotic and variable abiotic factors, likely affects the "decisions" regarding the type of defense strategy expressed in bilberry plants from a reliance on constitutive defenses instead of inducible defenses (Galmán et al., 2018) . Plant species adapted to stressful environments are predicted to increase allocation to expensive constitutive defenses relative to induced defenses, as the energetic demands to replace tissues consumed by herbivores are much higher under such limiting resource environment (Moreira et al., 2014; Pellissier et al., 2016) . Recent studies have shown that defense trade-offs are complex and can be interpreted as result of regulatory "decisions" by plants aiming
to fine-tune their phenotype in response to multiple environmental conditions (Galmán et al., 2018; Züst & Agrawal, 2017) . Bilberry plants from higher elevations may have developed consistent levels of plant defenses as an adaptation process to severe climatic conditions, which indirectly confer increased resistance to herbivores.
Therefore, high-elevation plants may not be adapted, but ecologically fitted to future herbivore pressure due to possible rapid shifts in herbivore range under climate change .
| CON CLUS ION
We showed that bilberry defense responses are modulated by the combination of climate and herbivory pressure at both the ecological and molecular levels in the boreal system. High-elevation plants invested more in constitutive defenses, whereas low-elevation plants relied strongly on induced defenses. Although herbivory pressure is lower at high elevations of the boreal system, the cooler average temperatures and limiting resource availability were associated with constantly "alert" bilberry plants, whether treated with MeJA or not. The plants located at low elevations, where herbivory rates and seasonal temperature are higher, appeared to be more responsive to defense induction by effectively investing resources away from growth and reproduction to induced antiherbivory defenses. This result suggests that under increasingly warmer conditions and higher herbivory pressure, bilberry plants may respond by altering their defense strategy.
F I G U R E 7
Relative expression level of two (a-b) growth-related target genes in bilberry plants (Vaccinium myrtillus L.) in response to MeJA treatment and elevational gradient (Low, Medium, and High) for two consecutive years (2016 and 2017) . The log of relative expression shown is the mean for each treatment in each elevational site and in each year; error bars represent confidence interval at 95%. Full names of target genes are presented in Table S1 Our results agree with previous studies showing that plant defensive traits are influenced by, and can adapt to, a combination of both biotic (i.e., herbivory pressure and biodiversity) and abiotic (i.e., temperature and resource availability) factors along an elevational gradient (Moreira et al., 2014; Pearse & Hipp, 2012) . Under the current scenario of global warming (IPCC, 2018; Serreze et al., 2000) , suboptimal upper elevation is likely to become the new optimal growing environment for most species in the boreal system. If so, the defense system of low-and medium-elevation plants that migrate to higher elevations might encounter novel abiotic (e.g., harsher environment and less resource availability) and biotic (e.g., less diversity and herbivory pressure) conditions to which they need to adapt. On the other hand, rapid shifts of herbivore range to higher elevation due to increasing temperatures may result in limited damage to plants not adapted to such herbivory pressure. These combinations of events in response to climate change can consequently catalyze new ecological and coevolutionary dynamics through modulating plant-herbivore interactions in the subalpine zones of the boreal system. Plant-herbivore interactions are one of the major drivers of ecosystem functioning and diversity, and thus, the evolution of plant defense system has been suggested to sculpt such patterns (Ehrlich & Raven, 1964) . The ecological and molecular work in this study has provided insights into current patterns of plant defense strategies along abiotic gradients. These approaches could be used to monitor migration and analyze changes in plant-herbivore relationships, which can help us to better predict possible modifications on the boreal ecosystem functioning during climate change.
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